isolation of paralyzed mutants. At least 18 genes have been identified, mutation in which leads to paralysis or abnormal motility in Chlamydomonas (12) . These mutants have played little part in recent advances, probably because their flagellar ultrastructure and chemistry has not been systematically studied. It also appears that the phenotype, judged by light microscopy, is sometimes nearly as variable within a population of one mutant as between mutants from different genes (12) .
We have begun to isolate and study mutants which are resistant to drugs that bind to tubulin or affect microtubule assembly. We hope also to study mutants resistant to paralyzing drugs or drugs which specifically inhibit dynein or the other enzymes mentioned above. Drugs of the latter type, comparable to ouabain and oligomycin for Na/K and mitochondrial ATPase's, respectively, are not yet known, and if available would additionally be useful in defining the functions of flagellar enzymes.
We first examined the ability of a number of drugs to inhibit flagellar regeneration. Rosenbaum et al. (15) found that colchicine was inhibitory, but at 1,000 times higher concentration than required for binding to cytoplasmic tubulin. This could be due to permeability barriers, about which little is known in Chlamydomonas. At the same time it has been difficult to demonstrate colchicine binding to flagellar tubulin, probably because the outer doublet microtubules do not readily dissociate into dimers (25) . Since it is not certain that Chlamydomonas flagellar microtubule precursors have the same drug affinity spectrum as that established for cytoplasmic tubulin, we have tried to compare binding to brain tubulin with inhibition of flagellar regeneration for various colchicine and other derivatives, and thus confirm whether the effects of Chlamydomonas are mediated by interactions with tubulin.
Microtubules are present not only in the flagella of Chlamydomonas but also in the mitotic spindle, and in the cytoplasm where they participate in nuclear and cell division (8) . Thus, agents preventing microtubule assembly should inhibit growth as well as flagellar regeneration. Drugs of particular interest are: isopropyl N-phenyl carbamate, a herbicide which allows microtubules to assemble but in a disorganized pattem (7); vinblastine, which binds to tubulin dimer and induces abnormal aggregation (14) ; and colchicine and podophyllotoxin, which bind to tubulin and inhibit assembly (13, 20, 24) . The latter three antimitotic agents can specifically be called antitubulins, and presumably bind to or alter protein-protein interaction sites. Mutants resistant to such drugs would be candidates to have alterations in tubulin primary structure. The antitubulins do not induce depolymerization of flagellar microtubules; therefore, in evaluating the mechanism of drug action it was important to distinguish between the detachment of preformed flagella and inhibition of regeneration. (A preliminary report of this work appeared in Fed. Proc. 32:642, 1973.) MATERIALS AND METHODS Culture conditions. A high salt minimal inorganic medium, M, was used for all liquid cultures (19 To study flagellar regeneration, flagella were removed by shearing with a Virtis-23 homogenizer (15 Drug-resistant mutants. In preliminary experiments several mutagens were studied by using the incidence of streptomycin resistance (9) to compare their effectiveness. The conditions were similar to those previously described for: ultraviolet light (10) , N-methyl-N'-nitro-N-nitrosoguanidine (9) , and ethyl and methyl methanesulfonate (11 plated on drug-containing medium (see below) at once and, to allow "gene expression," also after: (i) diluting a portion with medium M to 107 cells/ml and rocking the suspension in dim light (200 footcandles) at 25 C for 20 h, and (ii) inoculating 150 ml of medium M with 1 ml of the suspension and culturing in 400 footcandles continuous light for 2 days. There was no measurable cell increase in (i), due to the high initial density, and about 20-fold increase in (ii); mutant colonies derived from (ii) could not be assumed to be of separate origin. Cells from (ii) were concentrated to 2 x 107/ml, by centrifugation, before plating.
Drug-containing plates were prepared the day before use by adding filter-sterilized drug solutions to MA or MAY agar medium, cooled to 45 C, after autoclaving, to give the following concentrations: streptomycin, 50 Ag/ml; colchicine, 10 mM; vinblastine, 0.5 mM; epipodophyllotoxin thiuronium bromide (EPT), 1.0 mM; isopropyl N-phenyl carbamate, 0.8 mM; and nickel acetate, 0.5 mM. These concentrations are half those of saturated aqueous solutions in the case of EPT and the carbamate derivative. The petri plates were inoculated with 0.5 x 101 to 10 x 106 total cells, depending on the estimated viability. Viability was determined at each step of the procedure by plating serial dilutions, in M, on MA medium; colonies could be counted after 7 days or 4 days with a dissecting microscope. A heavy inoculum could be spread more uniformly by adding 4 ml of 0.6% agar MA medium, cooled to 45 C; this sometimes seemed also to increase the recovery of mutants.
Mutant colonies picked for further study were cloned by first transferring to MAY slants and then subculturing in 150 ml of minimal M liquid medium, from which a few hundred cells were spread on plates of MA containing either 5 mM colchicine or 0.15 mM vinblastine. Single colonies were picked for further study. Materials. Methyl and ethyl methanesulfonate were obtained from Eastman, N-methyl-N'-nitro-Nnitrosoguanidine and caffeine from Aldrich, streptomycin and sodium deoxycholate from Calbiochem, chloral hydrate from Fisher, -vinblastine from Lilly, griseofulvin from Ayerst, and Brij 58 from Atlas Chemical.
Colchicine was obtained from Calbiochem, and derivatives (4) was prepared by heating a saturated aqueous solution (pH 4) of the preceding compound (molar absorbance 11,000 at 350 nm) at 100 C until the spectral change was complete (molar absorbance 20,000 at 440 nm).
Podophyllotoxin (Aldrich) was estimated to be 90% pure from its optical rotatory dispersion spectrum (6) , and from thin-layer chromatography (M. Flavin, unpublished data). Succinylpodophyllotoxin, a water-soluble derivative in which the benzylic hydroxyl is esterified with succinic acid, was prepared and crystallized as the isopropylammonium salt, as previously described (17) . Another water-soluble derivative, EPT, melting point 149 to 151 C (obtained from Microbiological Associates, Bethesda, Md.) was presumably from the original preparation (17) . The "epi" configuration was inferred (17) from the method of preparation, but has not been proven.
RESULTS
Permeability to antitubulins and inhibition of flagellar regeneration. After amputation of flagella from cells isolated from a synchronous culture at the same stage of the cell cycle (15) flagella reproducibly regenerated to a third of their original length in 10 min, and to their original length, 12 ,im, in 60 min (Table 1) . When added before amputation 1.5 mM colchicine completely inhibited regeneration, but when added immediately after, regeneration proceeded normally for the first 10 min and was then arrested. When added after a 10-min regeneration period even much higher concentrations did not inhibit further regeneration (Table 1) . A comparable lag in the onset of inhibition was not observed (Table 1) with colcemide or vinblastine. Although there was no loss of viability under the above conditions, the shearing may have done something more than amputate flagella. There was a change in pH of the cell suspension, and there sometimes seemed to be two cell populations, one which regenerated flagella relatively well and one which did not regenerate at all (Tables 1 and 2) . Table 2 shows that colchicine was 30 times more effective in inhibiting flagellar regeneration in the presence of a concentration of deoxycholate which by itself had no effect, i.e., 0.05 mM gave the same inhibition with deoxycholate as 1.5 mM without. This also suggests that a permeability barrier may be responsible for the requirement for relatively high concentrations of colchicine to inhibit flagellar regeneration. A neutral detergent, Brij 58, partially inhibited flagellar regeneration at a concentration of 1%, but did not potentiate the inhibition by colchicine; i.e., the inhibition by both together was equal to the sum of the inhibitions by each separately. Flagellar regeneration was also quite sensitive to organic solvents; 2% ethanol inhibited partially. This handicapped attempts to study the effects of water-insoluble drugs.
Ability of antitubulins and other substances to inhibit growth, flagellar regeneration or motility, or induce flagellar detachment. Table 3 indicate drug concentrations which allowed flagella to regenerate but to less than 11 ,um length in 60 min, or caused detachment from, or paralysis of, some but not all cells.
Consistent with their ability to bind to tubulin and prevent assembly (13, 25, 27) , colchicine and colcemide were equally effective in inhibiting growth or flagellar regeneration, and did not cause detachment or paralysis (Table 3) . Colchicosamide is inert, and likewise does not bind to tubulins (27) . Desacetylcolchicine did not bind to tubulin in our hands (see Discussion), and its toxicity to Chlamydomonas may be unrelated to microtubules since low concentrations caused flagellar detachment. Methoxynitrotropone inhibited growth only. Other drugs which were primarily growth inhibitors, and whose toxicity may therefore be unrelated to tubulin assembly, were caffeine, isopropyl N-phenyl carbamate, and possibly chloral hydrate. Vinblastine binds strongly to tubulin (14) but its toxicity to Chlamydomonas may be unrelated, since low concentrations caused flagellar detachment.
Podophyllotoxin also binds strongly to tubulin (see Discussion). At 0.5 mM, the concentration of a saturated aqueous solution, it caused little or no inhibition of growth and flagellar regeneration. The only water-soluble derivative initially available to us, EPT, inhibited growth at 0.6 mM, but caused a transient flagellar detachment at l/o this concentration (Table 3) .
However, at the latter low concentration podophyllotoxin itself was soluble and had no effect. Table 8 . After further subculture, however, they all scored as wild types. It was realized that the wild-type background cells had remained viable on the original EPT plate, although they did not divide, because they could be seen to be motile with the dissecting microscope, and that these had probably contaminated and later overgrown the mutant cultures. The original results with one of these mutants were sufficiently intriguing to be included in the tables despite this uncertainty: EPTr-2 scored as cross-resistant to vinblastine, but hypersensitive to colchicine.
No mutants were obtained when a total of about 106 viable cells were plated on medium containing 0.8 mM isopropyl N-phenyl carbamate or 0.5 mM nickel acetate.
Of the three colchicine-resistant mutants, colchr_1 grew in the presence of 10 times higher colchicine concentrations than were tolerated by wild type, and could also regenerate flagella in high concentrations of colchicine (Table 6 ). It was strikingly cross-resistant to EPT inhibition of growth (Table 8) , but not to the transient deflagellation caused by very low concentrations (all the latter results in Table 8 are probably within the wild-type range except those for vblr-4). This is consistent with the conclusion that growth inhibition by EPT is caused by the podophyllotoxin moiety but deflagellation is due to a labile impurity or to the thiourea moiety. Colchr_1 was also slightly cross-resistant to inhibition of growth and flagellar regeneration by vinblastine (Table 7) . Colchr-2 and colchr-3 were resistant to only moderate concentrations of colchicine, and showed equivocal or no resistance to the other drugs. Two of the four vblr mutants were indistinguishable from wild type and the other two scored equivocally, vbl4-1 as slightly resistant to vinblastine and vblr-4 as slightly resistant to EPT.
Colchr_1 grew somewhat slowly in minimal medium and the liberation of daughter cells from their maternal envelope was delayed.
DISCUSSION
Effects of antitubulins and related substances on Chlamydomonas. Colchicine was equally effective as inhibitor of growth and flagellar regeneration. As these processes both depend on generation of new microtubules, and as colchicine showed no indication of affecting processes (motility, flagellar detachment) unrelated to microtubule assembly, the results of Table 3 are consistent with the conclusion that its effects on Chlamydomonas were due to antitubulin activity rather than some other unknown toxicity. Colchicine binds to cytoplasmic tubulin from mammalian brain (1 mol per 110,000 molecular weight dimer) with an apparent dissociation constant of about 2 x 10-6 M (24, 27), but 1,000 times higher concentration was required to inhibit Chlamydomonas. It has been difficult to show binding to flagellar tubulin and the latter might have a lower affinity (25) . It seems more likely that colchicine is not Table 9 . Binding experiments were done with tubulin purified from pig brain by the batch procedure (22) , and bound ligand was determined by modifications of the DE-81 paper filtration method (22) . We also studied the ability of drug derivatives to inhibit the binding of 3H-podophyllotoxin (Table 9) , prepared from 4'-demethylpodophyllotoxin (6) . Previous studies of the inhibition of 3H-colchicine binding by unlabeled podophyllotoxin (23) suggested that they bind to the same site. The results of Comparison of the results of Tables 3 and 9 for various colchicine derivatives confirms that only those which specifically inhibit growth and flagellar regeneration (colchicine, colcemide) bind to brain tubulin. Colchicosamide was inactive in both cases. Desacetylcolchicine caused flagellar detachment suggesting a possible toxicity unrelated to antitubulin activity, and the same sample did not effectively inhibit binding. Others have reported that this derivative does inhibit colchicine binding (27) ; in any case the results with the sample available to us were consistent. Methoxynitrotropone, a possible analogue of the tropolone C ring of colchicine, (16) . The results on inhibition of flagellar regeneration and motility by Ni2", or Ca2" plus EGTA, pertain more to a separate interest in motility and its regulation.
Chlamydomonas mutants resistant to antitubulin drugs. The distribution of microtubules in Chlamydomonas suggests that the targets of antitubulin drugs should be mitosis, cell and nuclear cleavage, and the generation of flagella. This work bears on the feasibility of obtaining drug resistant mutants. Such mutants could have decreased permeability to, or increased detoxification of, the drugs, or a change in the quantity or quality of tubulin, specifically an amino acid substitution allowing microtubule assembly but not antitubulin binding. The latter type of mutant would seem less likely to be found if antitubulin binding capacity were shown to have been conserved in evolution, but this is not established.
No mutants were obtained resistant to isopropyl N-phenyl carbamate, which is not strictly an antitubulin, but further trials are warranted as we examined only 106 viable cells. Vinblastine is an authenic antitubulin but its adverse effects on Chlamydomonas are probably due to some other toxicity. Mutation to drug resistance seemed to be frequent (Table 5 ), but of the four mutants that were cloned two proved to be indistinguishable from wild type and two showed very low resistance. Moreover, vblr-4 was resistant to EPT, not vinblastine, and it was resistant to the transient deflagellation effect which is not caused by the podophyllotoxin moiety. Three presumptive mutants picked from EPT plates, but not cloned, were found at first to have a slight resistance to inhibition of growth by EPT, but this property was later lost, perhaps because of contamination with wild type. EPTr-2 scored as slightly cross-resistant to vinblastine but hypersensitive to colchicine (Table 6 ), a phenotype which is quite suggestive of an altered primary sequence in tubulin. This study is therefore worth pursuing, but preferably with a different water-soluble derivative of podophyllotoxin.
Colcemide-resistant mutants of a fission yeast have been previously reported; colcemide, but not colchicine, inhibited cell cleavage in this organism (18) . Colchicine-resistant mutants of Chlamydomonas have also been isolated by D. J. L. Luck (personal communication) and by Adams and Warr (1) who found the resistance to be Mendelian, and to segregate with a property of slow growth in basal medium. We found that methyl methanesulfonate induced a high incidence of mutation to colchicine resistance (Table 5) , and all three mutants on January 18, 2018 by guest http://jb.asm.org/ Downloaded from cloned proved to be authentic. These mutants have been examined so far only for their ability to grow and regenerate flagella in the presence of each of three antitubulin drugs (Tables 6 to  8 ). Colchr-2 and colchr-3 were moderately resistant to colchicine in both respects, and had little or no resistance to EPT or vinblastine. Colchr_1 was resistant to high concentrations of colchicine and was also strikingly cross-resistant to the growth inhibiting effect of EPT. Mutants of this type would also be worth examining for possible alterations in tubulin.
